ABSTRACT We examined the effects of environmental regulation of gene transcription on the accuracy of a transcriptional proÞling method for determining insect age. In combined temperature/ nutrition treatments, Aedes aegypti (L.) mosquitoes were maintained in the laboratory at three different temperatures (20, 26, and 32ЊC), and larvae were fed on low, medium, and high diet regimens. Adult mosquitoes of distinct size classes were produced. Transcription of three age-responsive genes (Ae-15848, Ae-8505, and Ae-4274) was measured from 1-, 10-, and 19-d-old specimens using a quantitative reverse-transcription polymerase chain reaction method incorporating dual-labeled TaqMan probes. Temperature had a signiÞcant effect on transcript abundance for two of the model genes (Ae-15848 and Ae-8505), and transcription of model genes was unaffected by the main effect of larval diet level; however, signiÞcant temperature by diet level interactions were observed. Total RNA yield from individual mosquitoes varied according to adult age and temperature, and when combined with wing length, provided a useful predictor variable in age prediction models. More accurate age predictions were achieved from models generated at the same temperature as test mosquitoes; however, whereas signiÞcant differences in mean predicted ages were observed between 1-and 10-d-old mosquitoes, differences between 10 and 19 d were nonsigniÞcant. This study highlights the effect of environmental regulation on gene transcription age grading and the need to identify additional gene biomarkers of age to improve the classiÞcation of older mosquitoes.
The ability to accurately determine mosquito age is a valuable asset in medical entomology for the investigation of mosquito population survival rates (Clements and Paterson 1981) , epidemiology of disease (Ross 1911 , Dye 1990 , and the evaluation of control interventions (Graham and Bradley 1972) . One such intervention strategy against dengue viruses involves the use of the intracellular bacteria Wolbachia pipientis. A virulent strain (wMelPop) causes a 50% reduction in Aedes aegypti survival (McMeniman et al. 2009 ) and inhibits the infection of adult mosquitoes by the virus (Moreira et al. 2009 ). Both phenotypes of wMelPop infection could act synergistically, causing both life shortening and loss of susceptibility to infection in the mosquito. Monitoring of mosquito population age structure will be required to establish the local population dynamics of mosquitoes before and after a release of Wolbachia-infected mosquitoes.
Several age-grading techniques have been developed for mosquitoes that differ with respect to the accuracy and precision of age estimates, species applicability, and ease of application (Lehane 1985 , Hayes and Wall 1999 , Hugo et al. 2008 . We have reported the development of a mosquito age-grading method based on measurements of transcription of a panel of age-responsive genes (Cook et al. 2006 (Cook et al. , 2007 . Transcription is measured using quantitative reversetranscriptase polymerase chain reaction (PCR), and nonparametric statistics are applied to provide a prediction of age from the transcription scores from multiple genes. In a recent validation of the method, 77.2% of Ae. aegypti females that were released and recaptured over a 30-d period were predicted to within 6 d of their actual age . The presence of blood in the midgut and ovarian development did not inßuence age prediction accuracy. The transcriptional age-grading assay is potentially inßuenced by environmental regulation of expression of the genes on which it is based. Key factors known to inßuence gene transcription include temperature and nutrient availability.
Temperature is one of the most important factors inßuencing the physiology and ecology of an organism as a result of its effects on the rates of most biochem-ical reactions (Bale 2002 , DÕAmico et al. 2002 and its variation on a spatial and temporal scale (Horowitz 2002) . The global distribution of Ae. aegypti encompasses most tropical regions and extends to temperate regions bounded by the 10ЊC isotherms of January and July in the Northern and Southern Hemispheres, respectively (Christophers 1960 , Russell et al. 2009 ). The ambient temperature differences associated with this range, as well as thermoregulation strategies such as body positioning in favorable microhabitats and preßight muscle vibration, are likely to result in ßuctu-ating internal temperatures of adult mosquitoes (Heinrich 1974 , May 1979 . The responses of gene transcription to these temperature changes are likely to be varied and related to gene function and the degree and time course of the change.
Rapid temperature increases or decreases to stressful, nonlethal temperatures (temperature hardening) initiate the well-characterized heat shock response, involving the rapid up-regulation of heat/cold shock protein transcription (Lindquist and Craig 1988, Feder and Hofmann 1999) . Exposure of adult female Ae. aegypti to 42ЊC for 1 h was associated with differential expression of 39 genes encoding heat shock and unrelated proteins (Zhao et al. 2009 ). Up to 40-fold up-regulation of gene transcription was observed. Transcriptional changes may also result from exposure to chronic temperature changes (acclimation). The extent to which these body temperature changes inßuence the genes associated with our assay is unknown.
Similarly, nutritional intake could affect the accuracy of our age prediction assay as a result of effects on transcription. Dietary restriction (DR) is widely recognized to extend longevity in both vertebrates and invertebrates via conserved mechanisms, including the regulation of longevity-associated genes by DR-speciÞc transcription factors (Mair and Dillin 2008) . In Drosophila melanogaster, DR has been shown to alter the rate of transcriptional change of several genes that otherwise show age-dependent transcription patterns (Pletcher et al. 2002) .
In this study, we investigate the combined effects of temperature and larval diet level on transcriptional age grading to gain a better understanding of environmental inßuences on the accuracy of this assay.
Materials and Methods
Mosquito-Rearing Experiments. Ae. aegypti eggs were obtained from a colony established from eggs collected in Cairns 2005, and maintained in a constant temperature room (26ЊC, 70% RH, and 12:12 h light dark cycles with 30-min crepuscular periods). Larvae were provided with liver powder (Sigma-Aldrich, St. Louis, MO) ad libitum, and adults were blood fed on anesthetized guinea pigs (Queensland Institute of Medical Research Animal Ethics Protocol P361).
For experimental procedures, eggs were obtained from the above colony and hatched synchronously by immersion in distilled water and vacuum oxygen removal for 20 min. Groups of 50 Þrst instar larvae were transferred to plastic containers (18 ϫ 12 ϫ 6 cm) in 500 ml of distilled water for larval development. Larval containers were randomly assigned to temperature/ larval diet level combination treatments.
Larval containers were maintained at 20, 26, or 32ЊC ambient temperature either in a constant temperature room or in an environmental chamber (Sanyo Electric, Osaka, Japan). Larvae were fed ground chicken feed pellets (Barastoc; Ridley AgriProducts, Melbourne, Australia) according to three diet regimens (low, medium, and high) as per the schedule in Table  1 , with increases in quantity within a diet level as larval development progressed to the next instar. The combined inßuences of temperature and nutrient availability modiÞed the development rate for different temperature/diet level combinations. Emerging adults were transferred to cages and maintained at the same temperature as they were reared. Adult females were blood fed on anesthetized guinea pigs when at ages 3Ð 4 d old, and then at 7-d intervals thereafter according to Queensland Institute of Medical Research Animal Ethics Protocol P361. Females were harvested at ages 1, 10, and 19 d by aspirating mosquitoes from the cage, anesthetizing under CO 2 , placing mosquitoes onto a chill table, and severing the head and thorax from the abdomen with a scalpel. The head and thorax were immediately placed into a vial with RNAlater (Ambion, Austin, TX) and stabilized and stored at Ϫ20ЊC, according to the manufacturerÕs instructions. Wing length was measured as a proxy for body size as the distance from the axial notch to the wing tip, excluding the fringe scales (Nasci 1990) .
Gene Transcription Analysis. Gene transcription of three age-responsive genes Ae. aegypti calcium-binding protein (Ae-15848; XM_001653412), Ae. aegypti pupal cuticle protein 78E (Ae-8505; XM_001656550), Ae. aegypti cell division cycle 20 or fizzy (Ae-4274; XM_001664201), and a housekeeping gene, Ae. aegypti 40S ribosomal protein S17 (Ae-RpS17; AY927787), was measured using a multiplex TaqMan probe-based assay ) based on the transcriptional mosquito age-grading approach (Cook et al. 2006 (Cook et al. , 2007 . Brießy, total RNA was extracted from the combined head and thorax of individual females in 500 l of TRIzol reagent (Invitrogen, Carlsbad, CA). A standard quantity of 500 ng of total RNA per female was reverse transcribed using anchored oligo(dT) 20 primer, 20 U of RNaseOUT (Invitrogen), and 100 U of Superscript III reverse transcriptase (Invitrogen), according to the manufacturerÕs protocols. The resulting cDNA was diluted 5-fold. Duplex TaqMan probe reactions amplifying Ae-RpS17 and Ae-15848 (reaction 1) and Ae-8505 and Ae-4274 (reaction 2) were used for quantitative PCR. Quantitative PCR reactions contained 500 nM of each primer, 200 nM TaqMan probe, 6 mM MgCl 2 , and 2 l of template cDNA, and ampliÞcation was performed using a Rotor-Gene 6000 real-time thermocycler (Corbett Research, Sydney, Australia) (50ЊC, 2 min; 95ЊC, 2 min; then 50 cycles of 95ЊC for 10 s; 60ЊC for 20 s). The takeoff value available from the Rotor-Gene 6000 software platform was taken as the cycle threshold value.
Statistical Analysis. Analysis of variance (ANOVA) was used to investigate the effects of temperature, larval diet level, and age on body size and total RNA quantity of Ae. aegypti females. ANOVA was performed on wing length, with temperature and diet level as factors and adult age as a covariate. Similarly, factors affecting total RNA yield were investigated, as this measure can provide a preliminary indication of the age of the mosquito ). Both total RNA yield and age were log transformed to stabilize the error variances given the curvilinear relationship between total RNA yield and mosquito age . ANOVA was performed on log-total RNA yield with ambient temperature and diet level as factors and log age and wing length as covariates. Multivariate ANOVA was performed on the log contrast of the predictor variables (Ae-15848, Ae-8505, and Ae-4274), with temperature, diet level, and log age as covariates.
Given the signiÞcant effect of ambient temperature on transcription of the age-responsive genes and the nonsigniÞcant effect of diet level, separate age prediction models were constructed for 20, 26, and 32ЊC. The datasets from each temperature were divided in half by randomly assigning specimens into training and test datasets. Canonical redundancy analysis was applied to construct redundancy variate age prediction models from the training datasets according to the procedure described in Cook et al. (2007) . The nonparametric bootstrapping procedure described was used to predict the age of mosquitoes in the test datasets from the training datasets. To examine the inßuence of temperature on age prediction accuracy, redundancy variate models derived from one temperature were used to predict the ages of mosquitoes from the same temperature and mosquitoes from the other temperatures.
Results
Mosquito-Rearing Experiments. The temperature and larval diet level treatment combinations had a pronounced effect on the duration of larval development, with negative relationships between development time and both temperature and diet level. Larval development was fastest for the 32ЊC/high diet combination with a mean Ϯ SD time to pupation of 6.6 Ϯ 0.7 d, and slowest at the 20ЊC/low diet treatment combination at 15.9 Ϯ 1.7 d (Table 2) .
Similarly, there was a pronounced effect of the larval maintenance regimens on the body size of adult females produced. There was a positive relationship between larval diet level and wing length; however, there was a strong negative relationship between wing length and ambient temperature (Fig. 1) . The smallest mosquitoes were produced from the 32ЊC/low diet treatment combination, with a mean Ϯ SD wing length of 2.35 Ϯ 0.11 mm in contrast to the largest mosquitoes produced from the 20ЊC/high diet combination, with a mean wing length of 3.30 Ϯ 0.11 mm. Ambient temperature had the strongest inßuence on wing length (F ϭ 850.07; df ϭ 2, 189; P Ͻ 0.001), followed by a highly signiÞcant effect of larval diet (F ϭ 153.96; df ϭ 2, 189; P Ͻ 0.001), with the effect of age nonsig- niÞcant (F ϭ 850.07; df ϭ 2, 189; P ϭ 0.717). However, interpretation of the main effects of temperature and diet was complicated by a signiÞcant interaction between these two factors (F ϭ 4.641; df ϭ 2, 189; P ϭ 0.001).
Variation in Total RNA Quantity With Age, Temperature, and Diet Level. Total RNA yield from adult female Ae. aegypti was observed to have a peak at emergence before declining rapidly (Fig. 2a) . The quantity of total RNA and rate of decrease was affected by temperature and to a smaller extent by diet level. Log total RNA yield was signiÞcantly affected by log age (F ϭ 334.55; df ϭ 1, 188; P Ͻ 0.001), body size as indicated by wing length (F ϭ 14.44; df ϭ 1, 188; P Ͻ 0.001), and diet level (F ϭ 3.59; df ϭ 2, 188; P ϭ 0.03). The effect of ambient temperature was not signiÞcant (F ϭ 1.96; df ϭ 2, 188; P ϭ 0.144) after standardization for wing length. The interaction between temperature and diet level was not signiÞcant (F ϭ 0.88; df ϭ 4, 188; P ϭ 0.47). Given the signiÞcant variation of total RNA with body size, the variable RNA yield divided by squared wing length (RNA/WL 2 ) was constructed to standardize body size variation. Dividing by squared wing length decreased the between-treatment variation, particularly for 1-d-old females (Fig. 2b) .
Variation in Transcription of Genes Used for Age Prediction With Age, Temperature, and Diet Level. The abundance of the age prediction gene transcripts varied uniquely in response to age, temperature, and diet level (Fig. 3) . The log contrast variable describing Ae-15848 increased steadily with age, and temperature up to a 4-fold increase between 1-and 19-d old at 32ЊC. Similarly, the response of Ae-8505 to mosquito age was modiÞed by temperature; however, distinct curvilinear trends were observed, particularly at 26ЊC. The Ae-4274 log contrast variables decreased gradually with age. Genes Ae-15848 and Ae-8505 were signiÞ-cantly affected by log age; however, the effect on Ae-4274 was nonsigniÞcant (Table 3) .
Age Prediction Model. Given that temperature and age contributed signiÞcantly to variation in transcription of the three genes, temperature-speciÞc models were produced for the prediction of mosquito age. Data were pooled for all nutrient levels given the nonsigniÞcant main effect of this factor. Canonical redundancy analysis was performed on 20ЊC, 26ЊC, and 32ЊC training datasets to produce linear age prediction models for the three temperatures (Fig. 4) . The percentages of variance in the transcriptional measures that were explained by adult female mosquito age were 60.9% for 20ЊC model, 61.1% for 26ЊC, and 68.4% for 32ЊC (Fig. 4a) .
Redundancy analysis was repeated using transcription measures for the three genes together with the constructed variable RNA/WL 2 to determine whether improvements could be made to the Þt of the models. With the addition of the predictor variable RNA/WL 2 , the percentage of variance in transcriptional measures explained by mosquito age increased to 77.18% for the 20ЊC model, 65.6% for 26ЊC, and 70.1% for 32ЊC (Fig. 4b) , indicating a substantial improvement to the model. Age Predictions. Canonical redundancy analysis with bootstrapping (Cook et al. 2007 ) was applied to predict the ages of mosquitoes in the test groups for 20, 26, and 32ЊC. To investigate the effect of temperature variation on age prediction accuracy, cross predictions of mosquito age were performed on female mosquitoes maintained at the same and alternative temperatures to the training specimens. Mosquito age was initially predicted using the three-gene model. The 95% conÞdence intervals were calculated for the mean individual predicted ages (n ϭ 9 Ð10) for each age group (1-, 10-, and 19-d actual ages; Fig. 5 ). Overlapping conÞdence intervals (CI) between groups indicate nonsigniÞcant differences in mean predicted ages between the age groups. A general trend observed was that higher age prediction accuracy (determined from the closeness of the age prediction conÞdence interval to the actual age) was achieved when mosquitoes maintained at one temperature were predicted using a redundancy variate model constructed from mosquitoes maintained at the same temperature. For most model and test combinations, a signiÞcant difference between the mean predicted ages was only observed between 1-and 10-d-old and 1-and 19-d-old, and not between 10 and 19 d (overlapping CI). However, for 20ЊC test mosquitoes, a signiÞcant difference was only observed between 1-and 19-d mosquitoes, and only for the 20ЊC model. Analyses were then rerun including RNA/WL 2 as an additional predictor variable (Fig. 6 ). By adding RNA/WL 2 into the model, signiÞcant differences were observed between predicted ages for 1-and 10-d-old mosquitoes for all model and test combinations; however, differences between 10-and 19-d mean predicted ages remained nonsigniÞcant.
Discussion
This study has deÞned the effect of temperature and larval nutrition on the transcriptional mosquito agegrading assay. The effect of maintaining mosquitoes at varied temperatures had a signiÞcant effect on transcription of the genes on which the assay is based, as well as the accuracy of the assay itself. This is not unexpected given the pervasive effects of temperature on biochemistry as well as the possibility that the genes involved have programmed transcriptional responses associated with temperature acclimation. We investigated the effect of temperature variation on age prediction accuracy when age predictions of mosquitoes reared at one temperature were made using models calibrated on mosquitoes from the same and alternative rearing temperatures. Calibration models generated from mosquitoes maintained at a speciÞc temperature were not universally applicable to other temperatures. This illustrates the importance of controlling for temperature variation, and that models calibrated during one season are not likely to be broadly applicable across other seasons, particularly in locations where there is signiÞcant interseasonal variation in temperature. In this study, transcription of the age-responsive genes did not vary signiÞcantly in response to the main effect of larval nutrition level. This suggests that the transcriptional age-grading assay is broadly applicable to mosquitoes emerging from diverse larval habitats with heterogeneous nutrient availability. However, signiÞcant interactions between larval nutrient level and temperature were observed to affect transcription of two of the age-responsive genes. In this study, signiÞcant separation of age predictions for 10-and 19-d-old females could not be achieved, even when training and test datasets were generated at the same temperature. This is in contrast to recent Þeld application of transcriptional age grading in which signiÞcant separation of 1-, 9-, and 19-d-old Þeld-released females was achieved (data from Hugo et al. 2010) , possibly because of the signiÞcant temperature by larval nutrition level interaction observed in this study. It is unknown whether this interaction is observed in nature or as a result of the combined temperature by diet level treatments imposed in this study.
Consistent with previous reports, the strongest relationship to age was observed from the Ae. aegypti calcium-binding protein gene (Ae-15848), which most strongly contributes to the age prediction models. In this investigation, the relationship was shown to be signiÞcantly inßuenced by temperature. As a result of the nature of quantitative reverse-transcriptase PCR, the PCR ampliÞcation cycle threshold values (and hence log contrast values) are inversely proportional to the abundance of transcript in the sample. Therefore, increasing log contrast values indicate decreasing transcript abundance of the calcium-binding protein and pupal cuticle protein 78E (Ae-8505) genes with age. In other words, temperature increases the reduction of transcript in both instances. The underlying mechanism contributing to the decrease in transcript abundance of calcium-binding protein and pupal cuticle protein 78E genes is unknown. The control of mRNA levels is the principal method of regulation of the production of proteins. At any point in time, cytoplasmic mRNA levels are governed by the rates of nuclear RNA synthesis, processing, and export, and conversely, by controlled degradation of mRNA from the cytoplasm (Guhaniyogi and Brewer 2001) . Increasing temperatures could be associated with a decrease in nuclear transcription, an increase in active decay of the transcript in the cytoplasm, or a combination of both factors.
Gene transcriptional responses to temperature adaptation were investigated in Drosophila subobscura after successive generations of ßies were maintained at one of two constant temperature selection regimes (13 and 22ЊC) (Laayouni et al. 2007) . Between 6.6 and 20.4% of genes were identiÞed as being differentially expressed between the thermal selection regimes. Differences in average gene expression between warm and cold-adapted populations were between 0.6-and 1.7-fold. Genes overrepresented in the differentially expressed group belonged to metabolism, cell communication, and transcriptional-regulation functional categories.
Decreases in total RNA content are known to occur in Ae. aegypti during the Þrst few days of adult mos- quito life, the tail end of a decrease after a peak in total RNA levels during early larval development (Lang et al. 1965) . Our previous report identiÞed the potential of total RNA measurements, taken as a preliminary step in transcriptional age grading, to give an early indication of whether an adult mosquito was Ͻ5 d old or older . In this study, we show that the relationship between age and total RNA content is also affected by body size variation in response to temperature and diet variation. After standardization by wing length, there remained a small, but signiÞcant effect of larval nutrition, but not to temperature. The constructed variable RNA/WL 2 served to standardize the portion of the variance in total RNA yield as a result of body size variation. Total RNA measurements are easily facilitated by a number of commercial kits and may enable a dichotomous classiÞcation of mosquitoes into newly emerged and older age categories. A similar dichotomous age classiÞcation system is now possible through the use of near infrared spectroscopy (Sikulu et al. 2010 , Mayagaya et al. 2009 ) and has been proposed as a method of rapidly identifying changes to mosquito population age structure.
Downstream measurements of transcription are performed by reverse transcribing mRNA transcripts from a standard quantity of total RNA between samples. However, we found age prediction accuracy improved when RNA/WL 2 was input as a model predictor variable together with the transcription log contrast values. Total RNA quantiÞcation is already performed as part of the transcriptional age-grading procedure and wing length measurement is straightforward (Nasci 1990) . Including this variable possibly serves to standardize the effects of larval diet, crowding, and water temperature that all express to produce variously adult mosquitoes with associated variation in total RNA quantity. This appeared to be the case for the 20ЊC test females that emerged with a large range of body sizes that contributed to a reduced capacity to separate predicted ages. Improvements to age prediction models from this predictor should be evaluated on a case by case basis by examining the percentage of model variance explained by age (Cook et al. 2007) .
Given the signiÞcant effect of temperature on the transcriptional markers used in our assay, we have developed a strategy to control for temperature effects in which age prediction models are calibrated on known-age mosquitoes maintained in sentinel cages at the location and period over which test mosquitoes are sampled . In this way, sentinel cage mosquitoes are exposed to much of the environmental variation (temperature and other factors) and resulting transcriptional regulation experienced by the test mosquitoes. The difÞculty separating older age classes in the current study is a problem shared by current mosquito age-grading techniques based on biochemical changes due to a general stabilization in these changes at older ages. The separation of older mosquitoes could be improved with replacement or addition of gene predictor variables based on the level and duration of age-related change. Addressing the environmental inßuences on transcriptional age grading identiÞed in this study will improve this potentially important tool for vector research. the National Health and Medical Research Council, Australia (Program Grant 496601). 
